Many prey animals have a remarkable ability to match the intensity of their behavioural responses to the degree of threat posed by specific predators. However, little is known about how such threat-sensitive predator avoidance develops. In a series of laboratory experiments we tested whether goldfish (Carassius auratus) could learn to recognize predator odours in a threat-sensitive manner. We exposed predator-naïve goldfish to various concentrations of chemical cues of pike (Esox lucius) fed goldfish and pike fed another fish diet (swordtails, Xiphophorus helleri). During the conditioning trials goldfish showed behavioural responses to pike fed goldfish but not to pike fed swordtails. Moreover, the intensity of the responses to pike cues increased as the concentration of pike cues increased. Subsequent test trials showed that goldfish that had originally been exposed to pike fed goldfish showed responses to pike fed swordtails, indicating learned recognition of the pike as a predator. Of particular importance, the intensity of the learned responses by the goldfish matched the intensity of the responses observed in the original conditioning trials, thereby demonstrating threat-sensitive learning. Prey should have a selective advantage if they are able to adjust the intensity of their anti-predator response to match the threat posed by their predators. Our preliminary investigations revealed that this threat-sensitive learning has important survival implications during encounters with pike.
Introduction
Predation is a pervasive selective agent influencing many aspects of a prey animal's life including its behaviour, morphology and life history (Lima & Dill, 1990; . Upon encountering a predator, prey animals may show dramatic change their behaviour, for example, by fleeing or seeking refuge. However, behavioural responses to predators can also include subtle changes in habitat choice and alterations in the timing of foraging and reproduction (Lima, 1998) . Morphological defenses include such things as the presence of protective spines and armour and the presence of cryptic and aposematic colouration (Appleton & Palmer, 1988) , while life history changes include alterations in the timing of metamorphosis, changes in growth and reproductive patterns and changes in longevity (Crowl & Covich, 1990; Chivers et al., 1999 Chivers et al., , 2001a . A pre-requisite for prey to initiate any type of response to a predator is that the prey needs to be able to recognize the predator as a threat.
Chemical cues provide many prey animals with information about predation risk (review Kats & Dill, 1998; Chivers & Smith, 1998; Wisenden & Chivers, 2005) . The source of the chemicals can arise from predators (i.e., predator odours) or from other prey animals that release chemicals upon detecting or being captured by predators (alarm cues). In many predator/prey systems, predators need to have eaten conspecifics of the prey in order for naive prey to recognize the predator as a threat (reviewed by ). The concentration of chemical cues to which prey are exposed can be used to recognize different degrees of threat (Dupuch et al., 2004; Zhao & Chivers, 2005) . For example, as the concentration of the chemical cues decreases, the predator is likely to be at a further distance and hence less of a threat (e.g., Lawrence & Smith, 1989; Ferrari et al., in press) . Given that chemical cues should degrade over time, a decrease in concentration could also indicate that the cue was older and perhaps represents less of a threat.
For any given prey animal, at any given point in time, the threat that different predators represent can be highly variable. Consequently, according to the threat-sensitive predator avoidance hypothesis, selection should favour prey that can differentiate predators and situations that represent a high threat from those that represent a low threat (Helfman, 1989; Chivers et al., 2001b) . Prey need to limit time and energy that could otherwise be directed towards other activities, including foraging and reproduction.
Threat-sensitive predator avoidance is well documented in a diversity of aquatic prey. For example, Puttlitz et al. (1999) showed that as the size of Pacific treefrog (Hyla regilla) tadpoles increased relative to that of caged predatory salamanders (Ambystoma macrodactylum) the anti-predator response of the tadpoles decreased. Likewise, Wahle (1992) showed that large American lobsters (Homarus americanus) were less likely to seek refuge when exposed to predatory sculpins (Myoxocephalus anaeus) than small lobsters. Helfman (1989) showed that prey can also assess the level of immediate threat posed by predators. He documented that three-spot damselfish (Stegastes planifrons) exhibited stronger anti-predator responses to a model trumpetfish (Aulostomus maculatus) as the predator model was closer, larger or in a strike pose. Despite the widespread occurrence of threat-sensitive predator avoidance, the way in which it develops has received little attention from ethologists.
Threat-sensitivity implies that experience might be important in modulating anti-predator responses and chemical alarm cues have been shown to be important in facilitating learned recognition of predators (reviewed by Chivers & Smith, 1998) . For example, fathead minnows (Pimephales promelas) learn to recognize the sight or odour of a pike (Esox lucius) when the cues of the pike are paired with minnow alarm cues (Chivers & Smith, 1994a, b) . A single exposure to the combined cues is sufficient to facilitate learning. Learned recognition of predators can be retained for extended periods and provides a survival benefit for prey animals. For example, in both laboratory and field experiments, showed that brook charr (Salvelinus fontinalis) trained to recognize predatory chain pickerel (Esox niger) have a higher survival rate than charr that were not trained.
In an ingeneous experiment, Mathis & Smith (1993) showed that chemical alarm cues found in a predator's diet can facilitate learned predator recognition. They showed that predator-naïve minnows respond to cues of pike fed conspecific minnows but not to cues of pike fed another fish diet (swordtails, Xiphophorous helleri). Minnows initially exposed to pike fed minnows subsequently responded to cues of pike fed swordtails, illustrating learned recognition through the diet. Similar results are provided in fish/insect predator/prey systems . However, additional work is needed to determine whether diet-based learning is widespread in predator/prey systems.
In this study, we extend the findings of diet-dependent learning established by Mathis & Smith (1993) . We conducted a series of experiments to test if goldfish (Carassius auratus) could not only learn to recognize predators through diet cues, but also whether they learn to recognize predators in a threat-sensitive manner. In experiment 1, we exposed predator-naïve goldfish to various concentrations of chemical cues of pike fed goldfish and pike fed another fish diet (swordtails). This allowed us to test whether goldfish recognize unknown predators only when the predator is fed conspecifics of the prey. It also allowed us to determine if goldfish show more intense antipredator responses to chemical cues of the predator as the concentration increases. In our second experiment we tested the goldfish from experiment 1 for a response to cues of pike fed swordtails. This allowed us to determine whether goldfish learned to recognize the odour of pike when the goldfish detected conspecifics in the pike's diet. Most interestingly, we also assessed whether there is threat-sensitive learning of the pike dependent on the concentration of cues in the initial experiment. That is, are prey which are exposed to higher concentrations of pike cues during the conditioning trials more likely to learn that the predator represents a higher threat than individuals initially exposed to lower concentrations of pike cues. Finally, we conducted preliminary tests to assess whether learning provides a survival benefit during staged encounters with predators.
Methods

Experiment 1: Response of juvenile goldfish to varying concentrations of predator cues
The purpose of this experiment was to determine whether predator-naïve goldfish would recognize pike as a predatory threat when the pike were fed a diet of conspecific goldfish, and whether the intensity and duration of response is related to the amount of predator cue to which the goldfish were exposed.
We obtained juvenile goldfish from a commercial supplier in July 2003. Goldfish were kept in 622-l artificial-stream tanks at about 16
• C for 20 days prior to the experiment. Fresh dechlorinated water was introduced into the stream tank at a rate of 1 l/min. Goldfish were fed daily on commercial fish pellets. The swordtails were obtained from a commercial supplier in July 2003, kept in a 300-l tank filled dechlorinated tap water and fed commercial flake food. In July 2003, juvenile pike were captured by seine net from Pike Lake in central Saskatchewan and transported back to our laboratory. Each pike was isolated in a 74-l tank so that we could keep track of individuals. Pike were maintained on a diet of either goldfish or swordtails. We collected cues from pike that were fed either goldfish or swordtails. We used four different pike to prepare the cues. Two pike (17.2 cm and 16.2 cm standard length, SL) were fed ad libitum with goldfish and two (17.5 cm and 15.7 cm SL) were fed ad libitum with swordtails for 10 consecutive days. One hour after the final feeding, the two pike that were fed goldfish were placed into a 37-l aquarium with fresh dechlorinated water. The pike that were fed swordtails were likewise placed into a 37-l aquarium with fresh dechlorinated water. After 24 h, pike were removed and the resulting pike-conditioned water was used as the stimuli in the experiments. The water from pike fed goldfish represented our stock solution of predator cue (100%). We then diluted the appropriate volumes of the stock solution with distilled water to create the dilutions of 75%, 50% and 25%. Stimuli were pipetted into aliquots and frozen at −20
• C until used. The water from pike fed swordtails was not diluted. During each behavioural trial (see below) we introduced 120 ml of pike cues or distilled water into the testing tanks. This volume of stimulus should be more than sufficient to elicit a response in goldfish (Kusch et al., 2004) .
In this experiment we exposed groups of three goldfish to one of the six cues: four concentrations of pike fed goldfish (100%, 75%, 50% or 25%), one pike fed swordtails (100%) and one distilled water control. We conducted 18 replicate trials in each treatment, giving a total of 108 trials using 324 goldfish (mean ± SD, 4.37 ± 0.26 cm SL). Each group of fish was used only once, and the order of the treatments was randomized.
The experimental set-up, procedure and analysis were similar to previous studies in our laboratory (Zhao & Chivers, 2005) . The trials were performed in 74-l aquaria (60 × 30 × 40 cm) which were wrapped with black plastic on three sides so that fish in adjacent tanks were not visible to each other. Each tank had two 10 cm-horizontal lines on the front of the tank which divided the tank into 3 vertical areas. Each of the test tanks contained a single airstone mounted in the centre of the end wall.
Fish were allowed to acclimate in the tanks for 24 h prior to trials. Fish were fed 1 h prior to testing. Each trial was 18 min in length and consisted of an 8-min pre-stimulus period and an 8-min post-stimulus period, with a 2-min stimulus-introduction period between the pre-and post-stimulus periods. Dye trials indicated that it took approximately 40 seconds for the stimulus to disperse throughout the test tank. Prior to the pre-stimulus period, we removed and discarded 60 ml of water through the stimulus injection tube. We then removed and retained an additional 60 ml of water. After the prestimulus observation period, we injected either 120 ml of predator chemical cue or distilled water and flushed it through with the 60 ml of the retained water. A complete water change was conducted after each trial.
During both the pre-and post-stimulus periods we recorded shoaling index and vertical area use. Shoaling index was scored from 1 (no fish within one body length of another) to 3 (all 3 individuals within one body length of each other) and was recorded every 15 s. An area use score was also recorded every 15 s. This score was the sum of each fish's score (1 = the lower third of the water column, 2 = the middle third of the water column, and 3 = the upper third of the water column). A score of 3 indicated that all fish were in the bottom third of the tank and a score of 9 indicated that all fish were in the top third of the tank. The occurrence of freezing (remaining motionless in the water column or on the bottom for a minimum of 30 seconds) and dashing (a rapid burst of apparently disoriented swimming: Chivers & Smith, 1998) behaviour was also recorded in each trial. Zhao & Chivers (2005) demonstrated that an increase in shoaling, movement towards the top of the water and the presence of dashing and freezing are common anti-predator responses for goldfish. The intensity of such anti-predator responses decrease over a relatively short period of time (i.e., several minutes).
To assess the effect of variation in predator odour concentration on the intensity and duration of alarm responses, we recorded shoaling index and vertical area score for every group of fish every min during the 8-min preand 8-min post-stimulus injection periods. For the pre-stimulus period, we calculated the average value for each measure to obtain a behavioural baseline. For each min of the post-stimulus period, we calculated the change in behaviour from the pre-stimulus baseline. Because the data met parametric assumptions, we used a repeated measures ANOVA to determine the effects of treatment and time on the response of the fish. To assess the effects of treatment alone we performed Tukey post-hoc tests. In order to assess the effects of treatment on dashing and freezing we performed a Chi-square test comparing whether the proportion of each was different among treatments and we followed this by step-wise post-hoc Tukey-type multiple comparison tests for comparisons among treatments (Zar, 1999) .
Experiment 2: Is predator recognition acquired in a threat-sensitive manner?
The purpose of this experiment was (1) to test whether goldfish from experiment 1 learned to respond to pike cues based on previous exposure to goldfish cues in the predator's diet, and (2) if the goldfish did learn, then to assess whether there was threat-sensitive learning (i.e., did goldfish previously conditioned with high concentration cues of pike fed goldfish respond with a higher intensity response to cues of pike fed swordtails than goldfish conditioned with lower concentration pike fed goldfish cues).
Five to 6 hours after conditioning in experiment 1, the fish were transferred to 74-l storage aquaria. Groups of goldfish that were conditioned with the same treatments on the same day were housed together until used in experiment 2. All fish were held under the same conditions as described for experiment 1.
The experimental set up and testing protocol in experiment 2 was similar to that in experiment 1 except all fish were exposed to cues of pike fed swordtails only. Experiment 2 was conducted 3 days after conditioning in experiment 1. In this experiment fish were tested individually and a shelter object (a 15 × 15 cm ceramic tile with three 7 cm glass legs) was added to each tank. Fish were tested individually instead of in groups of 3 because we wanted to keep some of the fish for use in experiment 3. We conducted a total of 84 trials, 14 from each of the six treatments (with goldfish previously conditioned to 4 concentrations of pike fed goldfish cue, or pike fed swordtail cue, or distilled water). The predator size, stimulus collecting procedure and cue concentration (100%) were the same as used in experiment 1. Each test fish was only used once and there was no difference in the sizes of the fish (5.08 ± 0.29 cm SL) from each of the treatments. The order of all treatments was randomized.
As in experiment 1, we recorded whether the fish exhibited dashing or freezing behaviour following the introduction of the stimulus. We also recorded vertical area use scores and whether the fish was under the shelter every 15 seconds in both the pre-stimulus and post-stimulus periods. We calculated the changes (post-stimulus minus pre-stimulus) in area use scores and shelter use scores. Area use data was normally distributed and the variances equal therefore we compared the treatments using a one way ANOVA followed by Tukey post-hoc tests. Shelter use data failed to meet the assumption of equal variance among treatments, consequently we performed a non-parametric Kuskal-Wallis test. In order to assess the effects of treatment on dashing and freezing we performed a Chi-square test comparing whether the frequency was different among treatments. We followed this with stepwise post-hoc Tukey-type multiple comparison tests for comparisons among treatments (Zar, 1999) .
Experiment 3: Survival of predator-trained goldfish during staged encounters with predators
The purpose of this preliminary experiment was to determine the effect of training with different concentrations of predator cues on survival during staged encounters with predators.
The goldfish used in this experiment were the same individuals conditioned in experiment 1; trials were conducted 60-61 days after experiment 1. We conducted live-predation trials in which we staged encounters between pike and a group of goldfish that had previously been conditioned to different concentrations of cues from pike fed goldfish, or pike fed swordtail or distilled water in experiment 1. We conducted a total of 8 predation trials, 4 trials with 2 fish from each of the six conditioning treatments and 4 trials with 1 fish from each conditioning treatment. Thus, a total of 72 juvenile goldfish were used. Each fish was only used once and there was no difference in the sizes of the goldfish from each of the groups (mean ± SD, 5.48 ± 0.38 cm SL). Ideally, we would have performed all of the trials with two fish from each of the six conditioning treatments, but unexpected mortality of fish in our holding tanks precluded this. Our design is a compromise between having a large enough sample to compare the proportion of fish consumed among the treatments (see below) and the limitations of having a single prey available for the predator to capture during each trial. While this experimental design is limited, it does allow us to make preliminary conclusions regarding the effects of learning on survival.
In order to identify individuals from each of the treatments, goldfish were anaesthetized with MS-222 and given a unique tiny subcutaneous green fluorescent dye mark (Smith, 1970 ) on their back which indicated what cue concentration they had been exposed to in experiment 1. The injection of fluorescent dyes seemed to cause no apparent damage or discomfort to the fish. Injection was conducted one week prior to the staged encounters.
Juvenile pike (19.68 ± 0.35 cm) were caught in September 2003 in the same manner as in experiment 1. Pike were housed in 72-l glass aquaria and were fed swordtails every 2 days for 8 consecutive days prior to the experiment to ensure that no Ostariophysan remains were present in the digestive tract. We controlled the hunger level of the pike by not feeding them for 5 days before the trials. We used a total of 8 different pike. Each pike was used only once.
Three 148-l glass aquaria (92 × 46 × 39 cm) were used as test tanks; each tank was provided with 2 cm of gravel for substrate and 6 flower pots (15 cm-diameter, lying on their sides) for shelter. Each aquarium was divided into two compartments with a solid translucent barrier. A single airstone was placed along the center of the long wall of the aquaria for aeration. A group of either 6 or 12 goldfish that had been conditioned to different concentrations of predator odour or controls in experiment 1 were placed in the right-hand compartment of the aquaria and allowed to acclimate for 24 h prior to trials. A single pike was placed in the left-hand compartment 2 h before trials began. At the start of each trial the barrier was removed and the goldfish and pike were allowed to interact. All trials were run for 60 min. At the end of the testing period, the number of fish of each conditioning group left in the aquaria was counted and recorded. In order to avoid a learning effect, surviving prey were not used in the subsequent experiments and no pike was used twice.
The effect of predator-recognition training on prey survival was assessed as the proportion of goldfish from the different treatments that were consumed. The proportion of prey consumed under different treatments was compared using a Chi-square test. We did not perform post-hoc multiple comparisons as our sample size was too low to ensure adequate power.
Results
Experiment 1: Response of juvenile goldfish to varying concentrations of predator cues
The results of the repeated measures ANOVA for within-subjects effects showed an overall effect of time for both shoaling index (F 7,714 = 44.1, p < 0.001, Figure 1a ) and area use (F 7,714 = 15.2, p < 0.001, Figure 1b) . The results of the between-subjects effects showed an overall effect of treatments for both shoaling index (F 5,102 = 9.6, p < 0.001) and area use (F 5,102 = 10.0, p < 0.001). The results of the post-hoc Tukey tests for Figure 1 . (A) Mean (± SE) change in the shoaling index score per minute for goldfish exposed to different concentrations of pike fed goldfish cue (GF 100%, 75%, 50%, 25%), pike fed swordtail cue (SWT 100%) and distilled water (DW). The zero line indicates the baseline level of shoaling for the 8-min pre-stimulus period. (B) Mean (± SE) change in area use score per minute for goldfish exposed to different concentrations of pike fed goldfish cue (GF 100%, 75%, 50%, 25%), pike fed swordtail cue (SWT 100%) and distilled water (DW).
The zero line indicates the baseline area use score for the 8-min pre-stimulus period. shoaling scores and area use scores are presented in Table 1 . We saw much stronger anti-predator responses when the goldfish were exposed to higher concentrations of pike cues over lower concentrations and controls. The results of the Chi-square tests showed an overall effect of treatment on the proportion of dashing (χ 2 critical 0.05,5 = 11.07, χ 2 exp = 49.46, p < 0.001) and ) shelter use scores during recognition trials in experiment 2 for goldfish previously exposed to different concentrations of pike fed goldfish cue (GF 100%, 75%, 50%, 25%), pike fed swordtail cue (SWT 100%) and distilled water (DW). All goldfish were exposed to pike fed swordtail cues. Different letters over the bars indicates significant differences at p < 0.05.
Experiment 2: Is predator recognition acquired in a threat-sensitive manner?
There was a significant difference among the six treatments in terms of changes in area use (One way ANOVA, F 0.05,5,78 = 6.82, p < 0.001, Figure 2a) following exposure to pike fed swordtail cues alone. Post-hoc comparisons showed that goldfish previously exposed to higher concentrations of predator cues significantly increased their movement towards the top of the tanks compared with the other treatments (Figure 2a) . Upon exposure to cues of pike fed swordtails, goldfish previously exposed to higher concentrations of pike fed goldfish increased their shelter use more than those exposed to low concentrations of the same cue, pike fed swordtail cue and distilled water. However, this result just failed to be significant (KW = 10.62, df = 5, p = 0.060, Figure 2b) .
The results of the Chi-square tests showed an overall effect of treatment on the proportion of dashing (χ Table 3 .
Experiment 3: Survival of predator-trained goldfish during staged encounters with predators
Pike successfully captured goldfish in all 8 trials. The results of the Chisquare test revealed that the conditioning treatments had a significant effect on survival (χ 2 critical 0.05,5 = 11.07, χ 2 exp = 13.48, p < 0.025, Figure 3) . In general, goldfish previously conditioned to recognize pike with higher concentration cues from pike fed a diet of goldfish had significantly higher survival rates than goldfish previously exposed to lower concentration cues and control treatments.
Discussion
The results from our experiments provide evidence that a single conditioning trial is enough for goldfish to learn to recognize predators in a threat- Table 3 . Results of the stepwise Tukey-type multiple comparison tests for freezing and dashing for a crit q (0.05,6) = 4.03 for fish in the recognition trials. All fish were exposed to cues of pike fed swordtails. Fishes were previously exposed to various concentrations of chemical cues of pike fed goldfish (100, 75, 50, 25) , pike fed swordtail cue (swt) or distilled water (dw) during the conditioning trials. sensitive manner. In our initial experiment, responses to different concentrations of chemical cues were graded reflecting the degree of threat; pikenaive goldfish exposed to higher concentrations of pike fed goldfish cues significantly increased in shoaling, moved towards the top of the water and increased dashing compared to goldfish exposed to lower concentrations of pike fed goldfish cues, while those exposed to the lowest concentration of pike fed goldfish cues, pike fed swordtail cues and distilled water showed no response.
To avoid being captured, prey fish must accurately assess their level of predation risk (Chivers & Smith, 1998; Kats & Dill, 1998; Mirza & Chivers, 2003) . Different concentrations of predation risk cues are likely to be an important variable for prey fish to assess the level of predation risk. For example, Ferrari et al. (in press) showed that a lower concentration of predator cues could represent a greater distance between the predator and the prey or a lower overall density of predators, both of which would indicate a lower degree of threat for the prey.
Learned recognition of predators through conditioning with alarm cues and the retention of this knowledge has been documented in a variety of fishes. Chivers & Smith (1994a) and Brown & Smith (1996) showed that fathead minnows respond to predator cues from a few days for up to several weeks after conditioning. Berejikian et al. (1999) reported that Chinook salmon (Oncorhynchus tshawytscha) responded to chemical cues from cutthroat trout after 3 days, but not after 10 days while Mirza & Chivers (2000) showed that brook charr (Salvelinus fontinalis) trained to recognize predators retain that knowledge for at least 10 days, but response intensity after 10 days was considerably lower than that at 24 h. The results of the current study show that conditioned responses to predator cues may last many weeks (up to at least 60 days).
Although several studies have shown learning and relatively long-term retention of learned responses of predators only two published studies have examined the threat-sensitive nature of the learning. In those experiments, Ferrari et al. (2005) and Ferrari & Chivers (2006) showed that fathead minnows will learn to recognize brook charr as highly dangerous if brook charr cues are associated with high predation risk situations and will learn to recognize brook charr as a weak threat if the brook charr are associated with weaker predation risk situations. Our results likewise provide clear evidence of threat-sensitive learning. Fish initially exposed to higher concentrations of predator cues learned to show greater intensity anti-predator responses than those exposed to lower concentrations. It is important to remember that this learned trait is achieved based on a single learning exposure.
In our preliminary survival experiment we found evidence that the intensity of the learned responses to predator cues can have important survival implications. The proportion of fish consumed in the live predation trials was much higher in the distilled water and pike fed swordtail control treatments than the high concentration pike fed goldfish treatments. In the survival experiment, we kept solid partitions between the pike and the goldfish during the 2 hr predator acclimation period. We do not have any indication of the extent to which chemical cues of the predator could leak around the barrier to the prey's compartment. However, if the predator odour was transferred, we may expect that goldfish which were conditioned to recognize the predator (those from the high concentration pike fed goldfish treatments) could culturally transmit the recognition of the pike to the goldfish which did not recognize the predator (sensu Mathis et al., 1996) . The fact that we observed a survival difference may indicate minimal transfer of odours and hence no cultural learning. Alternatively, if there was cultural learning prior to the barrier removal, then fish conditioned with high concentration of pike odour may simply have exhibited a stronger response than those individuals which learned through cultural transmission. Our observed survival difference probably reflects the intensity of the initial response to the predator when the barrier was lifted. It is likely that as soon as the predator captured the first goldfish, all goldfish would respond to the pike as a high level threat.
Prey animals have a remarkable ability to match the intensity of their behavioural responses to predators with their actual vulnerability (Helfman, 1989; Mathis & Frank, 2000; Chivers et al., 2001b) . How such threat sensitive predator avoidance develops has rarely been considered. We showed that prey have the ability to quickly learn the risk associated with an unknown predator. This has important implications for predator/prey interactions.
